Pulmonary arterial pressure increases in dogs exposed to alveolar hypoxia or intravascular infusion of 5-hydroxytryptamine (serotonin). Although most investigators believe that this increase in pressure reflects a vasoconstriction in the pulmonary vascular bed, the site of vasoconstriction, whether venular, capillary, or arteriolar, is controversial. Interpretations have been based previously upon measurements of pressure and flow at various sites in the pulmonary circulation and have been handicapped by the inability to measure the volumes of the segments under study (1-3). 
Pulmonary arterial pressure increases in dogs exposed to alveolar hypoxia or intravascular infusion of 5-hydroxytryptamine (serotonin). Although most investigators believe that this increase in pressure reflects a vasoconstriction in the pulmonary vascular bed, the site of vasoconstriction, whether venular, capillary, or arteriolar, is controversial. Interpretations have been based previously upon measurements of pressure and flow at various sites in the pulmonary circulation and have been handicapped by the inability to measure the volumes of the segments under study (1) (2) (3) .
The development of an ether plethysmographic technique to measure pulmonary arterial blood volume in vivo (4) prompted us to reassess the site of vasoconstriction produced by hypoxia or serotonin. To accomplish this, we used cardiac catheters to measure pulmonary arterial and left atrial pressures, dye dilution curves to measure pulmonary blood volume and cardiac output, and the ether plethysmographic method to calculate pulmonary arterial blood volume. These parameters were measured in dogs during 1) a control period, and then during 2) respiration of a low concentration of oxygen, or 3) slow intravenous infusion of a solution of 5-hydroxytryptamine. We shall attempt to show that alveolar hypoxia and 5-hydroxytryptamine produced a form of pulmonary vasoconstriction in which there was increased smooth muscle tone of a major portion of the pulmonary arterial tree. 
Methods
Eleven mongrel dogs weighing 12.3 to 17.7 kg were used in the experiments. They were anesthetized with sodium pentobarbital in a dosage of 26 mg per kg body weight. An 8F or 9F Cournand cardiac catheter 1 was introduced into the external jugular vein, and under fluoroscopic guidance its tip was placed within the pulmonary artery. A second catheter was placed so that its tip lay within the superior vena cava. A pediatric 7F Brockenbrough left heart catheter 1 was introduced into the femoral vein and the atrial septum punctured so that the tip of the catheter lay free in the left atrial cavity. The femoral artery was cannulated with polyethylene tubing 25 cm in length and 2 mm in diameter in such a way that its tip lay in the distal aorta. The animal was enclosed within a horizontal Plexiglas body plethysmograph (4), then paralyzed with succinylcholine and ventilated with a Starling pump. Intravascular pressures were measured by strain gauges 2 balanced to a reference pressure level 9.8 cm above the surface of the dog board. Plethysmographic pressure was measured by a differential strain gauge.3 A direct-writing instrument 4 recorded pressures from the strain gauges, the electrocardiogram, and dye concentration from a cuvette densitometer.5
The plethysmograph was calibrated by injection and withdrawal of 10 ml of air with a syringe, and this produced a deflection of 20 to 30 mm on the record. The pulmonary arterial pressure was monitored while the catheter was pulled back slowly until a ventricular pressure tracing was recorded, and then the tip of the catheter was advanced to the point where a pulmonary arterial pressure tracing was again recorded from a position just beyond the pulmonic valve. A 0.5-ml volume of solution, containing 0.1 ml of ether in 0.4 ml of alcohol, was instilled into the catheter to be flushed into the animal by 5 ml of saline. In several experiments designed to determine whether C02 evolution rate was affected, 0.5 ml of a 0.5 M lactic acid solution was instilled into the catheter to be flushed into the animal by 5 ml of saline, or 5 ml of a 0.9 M sodium bicarbonate solution was placed into the catheter and connecting tubing, and this was also ad- 112 ministered. After placing the solution in the tubing, the respiratory pump was stopped, its tubes occluded by solenoid valves,6 and the solution flushed in by using hand pressure on the syringe barrel to produce rapid injection. As the ether solution is flushed in by the saline, there is an initial rise in plethysmographic pressure, calibrated in terms of volume, as the volume is increased by the 5 ml of saline. After this initial rise in plethysmographic pressure, a slower rise occurs as ether passes from the dissolved state in the pulmonary capillary blood to a gaseous state in the alveoli. The injection of ether at the root of the pulmonary artery allows the determination of a median transit time from this site to the beginning of the pulmonary capillaries. The median transit time is the time between the midvolume point of the injection and the midvolume point of ether evolution and represents the time for half the ether to arrive at the site of gas exchange. Pulmonary arterial blood volume is calculated by multiplying the median pulmonary arterial transit time in seconds by the pulmonary blood flow in milliliters per second.
Dye (9) . In the remaining experiments, oxygen saturation was measured by a cuvette oximeter (10).
After control observations, mixtures of 7 to 11 % oxygen in nitrogen, depending on the hypoxia necessary to cause a rise in pulmonary arterial pressure, were delivered by the Starling pump at a respiratory frequency of 24 per minute. Apparatus dead space was approximately 50 ml. Pulmonary arterial pressure was monitored, and after a stable plateau was reached, generally from 15 to 30 minutes after institution of the hypoxia, the preceding measurements were repeated. Control measurements while the dogs were breathing air were then repeated. In two of the eleven dogs subjected to hypoxia, control and hypoxic runs were carried out a second time at 45-to 60-minute intervals each from the initial observations. In six of the eleven dogs, after control observations were made, serotonin creatinine sulfate was infused into the superior vena cava at a constant rate of 80 to 500 ,ug per minute. Observations were repeated from 20 to 30 minutes after instituting the infusion.
The paired t test was used to determine whether the differences between means were statistically significant (11) . The level of significance was taken as p < 0.05.
Results
Of the eleven dogs used in the series, eight had normal control levels of pulmonary arterial pressure, but three dogs showed pulmonary hypertension during the entire period. In two of these, this was caused by the dog heart worm Dirofilaria immitus (12, 13) , and in the other by pneumonitis. However, responses to hypoxia and serotonin were similar to those in the normotensive dogs, and therefore these pulmonary hypertensive dogs are included in the statistical analysis of the vasomotor responses to these agents.
Hypoxia. Hypoxia always produced a rise in pulmonary arterial pressures, but pulmonary vascular resistance showed two different responses (Table I) . Either there was an increase in pulmonary vascular resistance with no change in pulmonary blood flow, or there was a marked increase in pulmonary blood flow accompanied by a fall in pulmonary vascular resistance.-The oxygen saturation during hypoxia in the group with an increase in pulmonary vascular resistance averaged 56%o and in the group with a decrease in pulmonary vascular resistance 49% (p > 0.05).
In eight dogs, pulmonary vascular resistance increased during hypoxia, and this response was ob- (Table II) . In two dogs, reaction halftimes for bicarbonate and lactic acid were obtained before and during serotonin administration, and inspection of these data revealed no change in half-times. Discussion
In our anesthetized dogs, the breathing of 7 to 11 % oxygen in nitrogen mixtures produced an elevation of pulmonary, arterial blood pressure with a slight rise in left atrial pressure. As demonstrated by others (14-16) with arterial oxygen saturations above 55 %, pulmonary blood flow tended to remain unchanged and thus pulmonary vascular resistance increased. In spontaneously breathing dogs, the mean rise of pulmonary vascular resistance ranged from 38 to 48o (14) (15) (16) , whereas in the present series of dogs that were artificially ventilated it increased 60%. In conscious trained dogs, breathing of 6 to 15%o oxygen in nitrogen mixtures increased both pulmonary vascular resistance and pulmonary blood flow at any inspired mixture (17) . A rise in pulmonary vascular resistance was also found in conscious humans breathing 12%o oxygen in nitrogen. Pulmonary blood volume remained unchanged or was slightly decreased under these circumstances (18, 19) . In the present dog experiments, pulmonary blood volume showed a slight but significant increase.
Not all of our dogs had increased pulmonary vascular resistance in response to hypoxia. However, in those in which the response to hypoxia was characterized by increased pulmonary vascular resistance, there was a redistribution of blood among the segments of the pulmonary circulation. In every experiment there was either a significant fall, considered as a drop of greater than 3 ml from control, or no change in pulmo- nary arterial blood volume. From this, one may infer that there was active constriction of the greater part, if not the whole, of the pulmonary arterial tree since it is the larger vessels that contain most of the blood volume (20) . If the distending pressure in the pulmonary arterial tree is increased as would be the case if only the arterioles or some vessels farther downstream constricted, the pulmonary arterial blood volume would increase passively as a function of compliance of this segment. Since intrapleural pressure does not change during hypoxia (1), the change in distending pressure can be taken as the change in mean pulmonary arterial pressure. The compliance of the various segments of the pulmonary circulation has not been measured in the dog but can be estimated by extrapolation from data obtained in rabbits (21) by correcting for the difference in body size. In this way, pulmonary arterial compliance of the dog can be taken as 0.9 ml per mm Hg and pulmonary venous compliance as 1.7 ml per mm Hg. This estimation of pulmonary arterial compliance agrees well with that measured from the time constant (21) (22) published data from human subjects on the diffusing capacity for carbon monoxide, and these data suggest that capillary volume is unchanged over an alveolar oxygen tension range from 60 to 600 mm Hg. Thus, the increase of combined volumes in the present study might be entirely due to an increase in venous volume. If a pulmonary venous compliance of 1.7 ml per mm Hg and transmission to the pulmonary veins of the 1.5 mm Hg increase in left atrial pressure are assumed, the passive increase of volume in the veins should be 2.6 ml. However, if it is assumed that the pulmonary capillary blood volume is constant during hypoxia, the venous volume increased 11 ml, and this suggests that active venous vasodilation might occur.
In the pulmonary circulation, the precapillary, capillary, and postcapillary regions, respectively, have been considered as major vasoactive sites. If the pulmonary and systemic vascular trees were comparable with respect to their reactive sites, the major resistance to flow should be at the pulmonary arteriolar level. However, structurally, the arterioles of the human and canine pulmonary circulations seem poorly equipped for intense vasoconstriction. Unlike systemic arterioles of comparable size, pulmonary arterioles contain scanty amounts of smooth muscle in their walls. Instead, larger quantities of smooth muscle are found in the walls of pulmonary arteries 100 to 1,000 fA in diameter (1) . Even the pulmonary artery and its main branches are distinguished from the aorta both by their thinness and by their lesser mass of elastic elements and greater quantity of smooth muscle (23) . Clearly, there is an anatomic basis for our deduction that the large pulmonary arteries constrict during hypoxia. Further, in vitro studies of main pulmonary arterial smooth muscle demonstrate its reactivity to vasoactive agents (23) . Finally, there is angiographic evidence that medium-to large-size pulmonary arteries are capable of constriction during hypoxia. Hirschman and Boucek (24) showed that medium-sized pulmonary arteries in the dog constricted during hypoxia, but they did not study the main pulmonary artery. Aakhus and Johansen (25) carried out angiocardiography in unanesthetized ducks subjected to submersion asphyxia. These animals showed a rise in pulmonary arterial pressure during this maneuver and a reduction of the large pulmonary arteries to as little as half their control size during the diving experiments. The diameter reduction was most distinct in the central main pulmonary artery and was so striking that the paradoxical situation of a pulmonary artery with a smaller central than peripheral diameter often occurred. There were no accompanying changes in the diameters of the aorta or systemic arteries. The mediation of pulmonary vasoconstriction during the breathing of low oxygen mixtures may differ from that during local alveolar hypoxia. In the latter, hypoxia vasoconstriction would serve as a protective mechanism to shunt blood to better ventilated parts of the lung. Regional arterial and arteriolar vasoconstriction might be a direct effect of the low oxygen tension in small airways and alveoli affecting the arteriolar or capillary vessel wall by diffusion (26) or as yet anatomically undemonstrated axon connections from the pulmonary veins to arteries (15) .
Below an arterial oxygen saturation of 55 %o, generally a large increase in pulmonary blood flow takes place and pulmonary vascular resistance falls. One way of looking at this is to say that the mechanism for vasoconstriction and shunting of blood to better ventilated parts of the lungs is discarded in favor of getting all possible oxygen to the tissues with the least burden on the right heart (14) . In the present study, under these circumstances, the pulmonary arterial blood volume increased to an extent that could almost entirely be attributed to mechanical dilatation of the arterial tree by the increased pulmonary arterial blood pressure. An alternative explanation is that the vasodilatation is part of the same spectrum of responses as the vasoconstrictive response. It is necessary to develop from the data in Table I , two relationships. These are a) the pressure-volume curve of the pulmonary arterial tree, and b) the relationship between change in the pulmonary arterial blood volume and pulmonary arterial conductance (conductance is the reciprocal of resistance). Figure 1 shows data on individual dogs obtained during the control period, i.e., breathing air. This is a plot of pressure of the pulmonary arterial tree as the independent variable and volume of the pulmonary arterial tree as the dependent variable. A curve is established by assuming that a) when the pulmonary arterial pressure is zero, the volume of blood in the pulmonary artery is zero (the vessels would collapse if subjected to negative pressure); b) the dynamic compliance of the pulmonary arterial tree is taken to be 0.9 ml per mm Hg for reasons already presented above; and c) the distensibility of the small vessels is comparable to that of the large vessels (21) . The dynamic compliance is drawn as a slope passing through the point of mean pressure and volume. A smooth curve (pressure-volume curve) is drawn through the origin of axes and mean pressure-volume point in such a way that the curve has the slope of dynamic compliance when passing through the latter point. Similar curves are drawn to enclose the extremes of observed control data. Figure 2 shows the relationship of conductance of the entire pulmonary vascular bed to pulmonary arterial blood volume. The following assumptions are made in depicting this plot: 1) pulmonary arterial volume has a direct effect on pulmonary arterial conductance; 2) pulmonary arterial volume has no effect on pulmonary capillary and venous conductance; 3) initially, pulmonary arterial conductance equals the net pulmonary capillary and venous conductance (27) We are now in a position to examine the theoretical sequence of events that occurs during hypoxia (Figure 3) . The pulmonary arterial tone increases and pulmonary arterial volume is decreased. The decreased pulmonary arterial volume causes decreased total pulmonary conductance. The pulmonary blood flow would be diminished, except for circulatory responses, which seem to increase the pulmonary arterial pressure. The increased pulmonary arterial pressure causes increased pulmonary arterial volume. If pulmonary arterial volume were maintained or restored to normal, then pulmonary arterial conductance likewise would be maintained at approximately the control level. But if pressor compensation were too little, the pulmonary arterial volume and pulmonary arterial conductance would be subnormal; if pressor compensation were too great (overcompensation), then pulmonary arterial volume and conductance also might be larger than they were during the control period. However, whatever the degree of compensation, the tone would remain increased, as indicated by displacement of the pressure-volume curve to the right.
The actual data depicted in a pressure-volume plot and conductance-volume plot are depicted in VOLUME 60 The conductance-volume points lie on or below the predicted curve.
If tonic pressure of the vessel walls increased equally throughout the pulmonary arterial tree, the lumen of the smaller vessels would decrease more than that of the larger vessels because the intraluminal inflating pressure inside the smaller vessels is less than it is inside the larger vessels; hence there would be less pressure opposing constriction of the walls. We suppose this is why most of the points plotted in Figure 5 lie slightly to the right of the theoretical conductance-volume curve. However, pulmonary arteriolar constriction alone, without concomitant constriction of the remainder of the pulmonary arterial tree, would be incompatible with our pressure-volume data (Figure 4) , because the volume contributed by the pulmonary arterioles is so small compared to that of the remaining pulmonary arteries. Likewise, pulmonary capillary or venous constriction would not be compatible with our data for reasons already presented above.
The foregoing events account for the hypoxic changes in all the dogs on the basis of a continuous spectrum of response, thereby doing away with the need for separating the dogs into two groups on the basis of a rise or fall in pulmonary vascular resistance.
Serotonin, like hypoxia, also significantly constricted the large pulmonary arteries, as evidenced by the fall in pulmonary arterial volume (Figures 4, 5) . A similar conclusion was reached by Bergel and Milnor (28) based upon studies of input impedance in the pulmonary artery of the dog.
Previous investigators have shown that serotonin administered to dogs produces a slight increase of cardiac output, a marked rise of pulmonary arterial pressure and pressure in the small pulmonary veins, and little alteration of pressure in the large pulmonary veins or left atrium (2, 3, 29) .
The effects on total pulmonary blood volume are related to the dose. In the dose employed by Shepherd, Donald, Linder, and Swan (2) and by us, no change in total pulmonary blood volume was demonstrated, whereas an increase in serotonin dose of some 15-fold, as used by McGaff and Milnor (29) , produced a significant fall in pulmonary blood volume. Pulmonary capillary blood volume measured during a comparable dose given to our dogs rose 29%o with a wide degree of scatter (30) .
This would suggest that venous volume fell in our studies since the combined blood volumes of the capillaries and veins did not change. It would confirm the notion that serotonin is a constrictor of the pulmonary veins. However, quantitatively, our measurements of pulmonary arterial blood volume indicate that serotonin is much more effective as a pulmonary arterial constrictor than as a pulmonary venous constrictor.
Summary
The measurements of pressure, flow, and volumes of the pulmonary circulation permit localization of the site of action of a vasoactive agent. In this study carried out in dogs, hypoxia or serotonin administration was investigated. During hypoxia, either a rise or fall in pulmonary vascular resistance may occur. The rise in pulmonary vascular resistance is associated with a significant decrease in pulmonary arterial blood volume, and, hence, constriction of the greater portion if not the entire pulmonary arterial tree must take place. There probably is concomitant venous vasodilation, which might be of an active nature. A fall in pulmonary vascular resistance during hypoxia was associated with passive dilatation of the pulmonary arterial tree. An analysis of the pressure-volume and the conductance-volume relationships of the -pulmonary circulation indicates that pulmonary arterial vasoconstriction occurs in both types of responses. Serotonin produced pronounced arterial vasoconstriction and probably a lesser amount of venous constriction. These studies indicate that significant vasomotor activity is present throughout the pulmonary arterial tree, rather than confined to the arterioles as in the systemic circulation.
